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ABSTRACT: Nature’s use of proteins to direct and control the synthesis of inorganic solids represents an important
paradigm for bioinspired materials synthesis. However, the mechanism by which polypeptides direct inorganic synthesis,
particularly with regard to selective formation of crystals polymorphs, remains unknown. An important step in
understanding polypeptide-directed inorganic synthesis is the identification of sequence regions in biomineralization proteins
that can affect crystal growth. In this report, we identify that the 30 AA N- and C-terminal sequence regions (n16-N and
n16-C, respectively) of the oyster shell aragonite-associated protein, n16, exhibit control over the morphology of calcium
carbonate crystals grown in geologic calcite overgrowth assays and polyimide (Kevlar)-based assays. Here, we find that
calcium carbonate crystals, which grow in the presence of model peptides representing the n16-N and n16-C sequences,
adopt dendritic or circular overgrowth in geological calcite overgrowth assays and “staircase” structures in Kevlar-based
assays, as compared to negative controls and to parallel assays conducted in the presence of AP24-1, the 30 AA N-terminal
sequence region of the nacre-associated protein, AP24, which interrupts step edge growth. Synchrotron X-ray diffraction
studies reveal that the crystals grown in the presence of n16-N are calcite. Circular dichroism spectrometry studies of
n16-N and n16-C model peptides reveal qualitatively similar solution state conformations that consist of either random
coil in equilibrium with other secondary structures (e.g., f-strand, turn, loop, polyproline type I1) or, at higher concentrations,
a f-strand secondary structure in equilibrium with random coil. We conclude that the N- and C-terminal sequence regions
of the nacre-associated n16 protein most likely play a role in n16-mediated effects on calcium carbonate crystal growth in

the nacre layer.

Nature’s use of proteins to regulate the growth of
inorganic solids is one of the major hallmarks of the
biomineralization process and represents one possible
pathway for the construction of unique and useful inorganic
materials. A great deal of interest has centered on calcium
carbonate-based mineralization processes, where several
crystalline polymorphs (calcite, aragonite, and vaterite) and
amorphous calcium carbonates are preferentially created
within certain organisms.! An interesting model system of
polymorph selection exists in the mollusk shell, where two
polymorphs, calcite (prismatic layer) and aragonite (nacre
layer), coexist side by side.?~7 Recent protein studies have
identified a number of unique polypeptides associated with
the nacre layer,>%° and it is believed that these proteins
participate in the stabilization of the aragonite polymorph
during shell synthesis.3~8 Thus, if one is interested in
exploiting the principles of bioinspired inorganic synthesis
and protein-mediated phase stabilization for material
science,!® we need to obtain a better understanding of how
these proteins affect mineral formation at the molecular
level.

One piece of the puzzle may reside within the pri-
mary sequence and conformation of protein domains which
affect calcium carbonate polymorphisms. Recent multi-
disciplinary studies of a series of nacre-associated proteins
(e.g., AP7,5 AP245 and Lustrin AlY) reveal a trend with
regard to the types of sequence motifs that affect calcium
carbonate mineralization. In particular, these three pro-
teins contain at least one mineral interaction or modifying
domain that possess the following attributes:>11712 (i) a
limited occurrence (10—25% of the domain sequence) of
anionic amino acids (Asp and Glu); (ii) a copolymer block-
like arrangement of hydrogen-bonding or proton donor/
acceptor amino acids (e.g., His, GIn, Asn, Tyr, Ser, His, Arg,
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and Lys); and (iii) the presence of unfolded or labile/
unstable conformation within the mineral-associated se-
quence domain, as determined by NMR and/or circular
dichroism (CD) spectroscopy. These molecular traits are
also shared by the C-terminal domain of the calcium
carbonate-associated protein, lithostathine,’* and may
represent key requirements for a polypeptide domain that
controls calcium carbonate mineralization.'?

To determine whether these molecular attributes extend
to sequence domains within other nacre-associated pro-
teins, we have explored a series of nacre proteins which
have been implicated in the formation of aragonite. In
particular, one protein, n16 (108 AA, nonglycosylated), has
been isolated from the nacre layer of the Japanese pearl
oyster, Picntada fucata, and sequenced.® Preliminary in
vitro assay studies indicated that the nl6 protein can
induce the formation of either spherical or platelike
crystals, and under certain conditions, aragonite mineral
deposits have been observed.® Intriguingly, an examination
of the n16 primary sequence® reveals that the 30 AA N-
and C-terminal sequence regions of the mature, posttrans-
lationally cleaved protein possess the requisite amino acids
associated with a calcium carbonate mineral modification
domain:

N-terminal (n16-N, sequence 1—30)
AYHKKCGRYSYCWIPYDIERDRYDNGDKKC...

C-terminal (n16-C, sequence 79—108) ...
GLNYLKSLYGGYGNGNGEFWEEYIDERYDN

To ascertain if these two terminal sequence regions affect
calcium carbonate crystal growth, we constructed synthetic
peptides representing n16-N and n16-C and tested these
two sequences alongside the 30 AA calcite growth step
inhibitor polypeptide, AP24-1.5 These peptide sequences
were tested in calcium carbonate crystal growth assays
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Figure 1. Scanning electron microscopy images of in vitro geologic overgrowth calcium carbonate assay systems. (A) Negative control
assay. Dark regions represent normal crystal overgrowth regions that are delineated by step edge boundaries (denoted by white arrow).
(B) AP24-1, 3.3 x 10~° M peptide. Here, normal overgrowth regions appear dark, and areas where overgrowth is inhibited appear light
and feature irregular boundaries (white arrow). (C) n16-N, 3.3 x 1075 M peptide. Dendritic crystal formation (light) is observed to occur
on the surface of normal overgrowth regions (in dark). (D) n16-C, 3.3 x 10~> M peptide. Multiple, rounded, rhombohedral crystal overgrowth
is observed on the surface of normal overgrowth regions, and in addition, pseudo-circular crystal overgrowth is also observed (denoted by

white arrows). Scale bar = 10 um.

employing either Iceland spar geological calcite frag-
ments®’ (overgrowth assay) or synthetic polyimide fi-
bers!>16 (Kevlar-based assay, (NH4)>CO3z decomposition!?)
to induce crystal formation in the presence of each peptide
(tested concentration range = 3.3 x 10°6t0 1.7 x 104 M
in each assay). We find that as compared to control
conditions, n16-N and n16-C exert a similar effect on the
formation of calcium carbonate crystals in both in vitro
assays systems. Moreover, using CD spectrometry, we
observe that both polypeptides, although different in their
primary sequence, feature similar concentration-dependent
conformations in solution (a s-strand in equilibrium with
a random coil).

Peptide Synthesis and Purification. The 30-mer
polypeptide, n16-N, representing the 1-30 AA domain of
native n16, was synthesized using the protocol described
in our earlier work (100 umol synthesis level).5 This peptide
featured free amino termini and C* amide “capping” to
mimic its attachment to the protein and negate the charge
contribution from the a-carboxylate C terminus. Similarly,
N-acetyl-capped, free carboxylate 30 AA terminus n16-C
was also synthesized and purified in a similar fashion.>
After resin cleavage and reverse phase high-performance
liquid chromatography purification (C-18 column, >94%
pure for all peptides),® the experimental molecular masses
for n16-N and n16-C were determined by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
to be 3748.5 and 3579.2 Da, respectively, in agreement with
the theoretical molecular masses of 3747.2 and 3579.8 Da.
The 30 AA AP24-1 C* amide-capped, free N terminus
polypeptide representing the N-terminal sequence of the
calcite growth step inhibitor protein, AP24-1,5 was syn-
thesized and purified as described.®

In Vitro Calcium Carbonate Mineralization Assays
and SEM Analyses. To investigate the effects of n16-C
and n16-N polypeptide sequences on the growth of CaCOg,
two different crystal growth assays systems were employed.
The first, the calcite overgrowth assay,>” involved the use
of freshly cleaved crystals of geological calcite (Iceland spar)
measuring approximately 5—8 mm on edge and 1-2 mm
in thickness. These fragments were placed in 3 mL of
growth solution (12.5 mM CaCl,-2H,0, 12.5 mM NH4HCO3,
Aldrich-Sigma) in borosilicate glass screw cap vials.®> The
purified polypeptides were dissolved in deionized distilled
water to a final concentration of 1 mM, and the pH of these
peptide stock solutions was adjusted to 7.5 using NaOH.
A concentration series (final concentrations of 3.3 x 1076,
1.7 x 1075, 3.3 x 1075 and 1.7 x 10~* M peptide/vial) of
nl6-C, n16-N, and AP24-1 were incubated in each sealed
vial for 90 min at 15 °C. The negative control conditions
consisted of no added peptide. At the conclusion of the
incubation period, the supernatant was removed via suc-
tion and the calcite crystals were washed three times with
3 mL volumes of calcium carbonate-saturated methanol
and then dried at 37 °C.

To complement the geological calcite overgrowth assays,
we also employed the polyimide (Kevlar) fiber assay for
template growth of calcium carbonate crystals!>1¢ in the
presence of model peptides. The published Kevlar tech-
nique!® was modified and optimized for use with polypep-
tides in the following manner. First, Kevlar-29 fiber mats
(DuPont, United States, 0.5 mm individual fiber diameter)
were teased into individual fibers and these individual
fibers were then cut into approximately 1 cm lengths. All
manipulations of fibers from this point on were done using
nylon-tipped tweezers. These fibers were washed five times
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with 50%/50% v/v acetone/methanol to clean off any
residual organic material, finger oils, etc. and then air-dried
at 37 °C. The fibers were then treated with 3 N HCI in
deionized distilled water for 6 h at room temperature to
enhance the charge and polarity at exposed Kevlar surfaces
(i.e., promote amide bond cleavage and exposure of car-
boxylate and amine groups).t>16 These treated fibers were
then rinsed extensively with deionized distilled water and
dried at 37 °C and stored in a sealed desiccator (Drierite)
until needed. For the assay, clean, HCI-treated fibers were
submerged in polystyrene Petri dishes containing 3 mL of
10 mM CacCl,-2H,0 in deionized distilled water plus the
appropriate volume of peptide stock solutions to create the
final peptide assay concentrations of 1.7 x 1075, 3.3 x 1075,
and 1.7 x 10* M peptide/dish. The negative control
conditions consisted of no added peptide. A pinhole opening
(1—2 mm) was introduced in the top of each Petri dish
cover. The Petri dishes were then incubated at 15 °C for
16 h in a sealed chamber (1 L volume) containing 2 g of
solid (NH,4),CO3; (Sigma-Aldrich, decomposition vapor
method).” At the conclusion of the assay periods, the assay
supernatants were removed via aspiration and the Kevlar
fibers were gently washed three times with 3 mL volume
each of calcium carbonate-saturated methanol and then
dried at 37 °C.

Both geologic and Kevlar samples were mounted on
carbon conductive scanning electron microscopy (SEM) tabs
placed on aluminum SEM holders and sputter coated with
Pt/Pd (argon-flushed vacuum chamber) for 4 min. SEM
imaging was conducted using an AMRAY FE-1850 cathode
field emission microscope operating at 5 kV and equipped
with a charge-coupled device (CCD) detector for image
capture. Cropping of the SEM images and adjustment of
brightness/darkness and contrast levels were performed
using Adobe Photoshop.

X-ray Diffraction. Crystals formed by Kevlar-based
assays treated with n16-N were studied at the National
Synchrotron Light Source Beamline x6B using an X-ray
wavelength of 0.689 A and a MARCCD detector. The
Kevlar fibers with adhering CaCOg crystals were inserted
into thin-walled glass capillaries and rotated about the
capillary axis during data acquisition. Geological calcite
overgrowth assays containing n16-N (data not shown) were
studied at NSLS Beamline x22A and were mounted with
the beam incident below the critical angle for total external
reflection to enhance the signal from the surface region.

CD Spectrometry. For CD studies, lyophilized n16-N
and n16-C were dissolved in either 100 uM NaH,PO,, pH
2.5, or 100 uM Tris-HCI, pH 7.5, buffers to create final
polypeptide concentrations of 500 uM. These polypeptide
stock solution were then diluted to 25, 15, 10, 8, 4, and 2
uM in the appropriate buffer for CD spectrometry mea-
surements at pH 2.5 and 7.5. The CD spectra were obtained
using an AVIV 60 CD Spectrometer, running 60DS soft-
ware version 4.1t. The peptide samples were scanned from
185 to 260 nm at 25 °C, using 1 nm bandwidth and a scan
rate of 1 nm/s, with appropriate background buffer sub-
traction performed. The spectrometer was previously cali-
brated with d-10-camphorsulfphonic acid. A total of three
scans were acquired for each aqueous peptide sample. The
mean residue ellipticity [Ou] is expressed in deg cm? dmol 1
per mole peptide.

Crystal Growth Assays. As compared to negative
control conditions (i.e., no peptide present; Figure 1A),
geologic calcite overgrowth assays containing the growth
step inhibitor polypeptide, AP24-1 (Figure 1B), reveal the
typical step edge interruption or frustration of crystal
growth associated with this polypeptide. Although clear
rhombohedral terraces are retained in the overgrowth
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Figure 2. Higher magnification scanning electron microscopy
images of in vitro geologic overgrowth calcium carbonate assay
systems. (A) n16-N, 3.3 x 1075 M peptide. Here, the dendritic
crystal growth is clearly seen on the overgrowth surfaces. (B) n16-
C, 3.3 x 1075 M peptide. Arrows denote the presence of step edge
regions. Scale bar = 1 ym.

regions (dark contrast), they are reduced to <10 um extent.
Step edges appear rounded or irregular, indicating the
partial adsorption of this polypeptide to step edges.® In the
presence of n16-N, any rhombohedral step morphology, if
present, is reduced below the 100 nm length scale. Instead,
we observe calcium carbonate overgrowth that features
dendrite crystallization superimposed upon the overgrowth
surface (Figures 1C and 2A). Similar crystallization pat-
terns have been noted for block copolymer protein-mediated
inorganic and organic crystal formation in vitro!® and have
long been attributed to the adsorption of additives at
exposed crystal surfaces and/or step edges,'?2° apparently
occurring at a significant coverage as compared to AP24-
1. Similarly, the presence of nl16-C also restricts the
rhombohedral morphology to small length scales (Figure
1D). With this sequence, some overgrowth step edges are
visible, which reproduce the alignment of the single-crystal
calcite substrate, but we also observe regions that are
rounded on micrometer and submicrometer scales (Figure
2B; note arrows). The presence of step edges is typical of
calcium carbonates;?° however, it should be noted that at
this time we cannot verify that the circular and dendrite
crystal growth regions produced by n16-N and n16-C are
comprised solely of calcium carbonate. It is possible that
these growth regions contain some content of adsorbed
polypeptide as well.

These polypeptide specific crystal growth effects are also
mirrored in Kevlar-based calcium carbonate crystal growth
assays (Figure 3). Calcite has four step directions on the
low-energy {104} face,?® which is what we primarily
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Figure 3. Scanning electron microscopy images of in vitro Kevlar calcium carbonate assay systems. (A) Negative control assay, which
features typical rhombohedral calcite crystals. (B) AP24-1, 1.7 x 10~* M peptide, where rhombohedral calcite crystals featuring interruptions
in crystal growth and irregular step edges (white arrow) are seen. (C) n16-N, 1.7 x 10~* M peptide, where the appearance of stairlike
structures on exposed surfaces is evident (white arrow). (D) n16-C, 1.7 x 10~* M peptide, where crystals exhibit an overall, rounded,
rhombohedral shape and feature stairlike crystal structures (white arrow). Scale bar = 10 um.

observe in our SEM images of negative control crystals
(Figure 3A). Two of the steps form an acute angle with
respect to the surface plane, and the other two form an
obtuse angle with respect to the surface plane.?° Assays
conducted in the presence of AP24-1 feature comparably
sized rhombohedral calcite crystals that possess interrup-
tions in crystal growth as well as rounded step edge regions
(Figure 3B), in accord with the expected function of the
parent protein, AP24, which interacts at growth step
edges.® In the case of n16-N (Figure 3C), we observe that
the forming calcite crystals do not retain any of their sharp
corner features in the presence of this polypeptide. Instead,
these calcium carbonate crystals feature multiple step
edges where both the acute and the obtuse surface steps
appear to be affected, leading to the formation of “staircase
structures” that have small terrace sizes. n16-C by contrast
appears to preferentially interact with the two acute
surface steps and less so with the obtuse surface steps
(Figure 3D), since the resulting crystals retain their sharp
corner features where the three faces intersect and the
obtuse surface steps appear smooth. Nevertheless, calcium
carbonate crystals that grow in the presence of n16-C also
adopt staircase structures, with closely spaced step edges
similar to those observed for n16-N. From these results,
we conclude that n16-N and n16-C affect calcium carbonate
crystal growth in a different manner from the growth step
inhibitor polypeptide sequence, AP24-1. Obviously, more
precise imaging techniques, such as atomic force micros-
copy, will be required to more fully determine with which
surfaces these polypeptide sequences interact.

As shown in Figure 3D, the morphology of the calcium
carbonate crystals that grow in the presence of n16-C
appear to be that of calcite, based upon the rhombohedral-
like morphology presented. However, because of the pres-

ence of staircase structures (Figure 3C) and loss of typical
calcite features, it is not clear what the corresponding
crystal polymorph may be in the presence of n16-N. To
determine the lattice structure of the more unusual calcium
carbonate crystals grown on Kevlar surfaces in the pres-
ence of n16-N, we examined these small Kevlar assay crys-
tals using synchrotron X-ray diffraction (Figure 4). Diffrac-
tion patterns obtained matched those of calcite, with no
evidence of peaks specific for either vaterite or aragonite.’>-17
Geological calcite overgrowth fragments from n16-N-
treated assays were also sampled using synchrotron surface
X-ray scattering techniques, but again, only peaks belong-
ing to the calcite spectrum were observed (data not shown).
Thus, using two different in vitro crystal growth assays,
we find that both the nl16-N and the nl16-C sequence
regions possess the capability of modifying the morphology
of calcium carbonate crystals. However, at this time, the
only detectable polymorph observed to form under the
conditions utilized in both assay systems is calcite.

CD Spectrometry. In previous studies of mineral
modification domains in the nacre specific proteins, AP7
and AP24, it was noted that there were certain preferences
for unfolded, conformationally labile conformations in
solution.®>13 To ascertain what conformational preferences
the terminal sequences of Nn16 may possess, we qualita-
tively investigated the secondary structure preferences for
both n16 terminal sequences via CD spectrometry (Figure
5). At neutral pH, both polypeptides exhibit interesting
concentration-dependent conformations. At 4 uM peptide
concentration, we observe broad (—) CD absorption bands
centered at 199—200 nm (sr—x* transition). These bands
are consistent with the presence of a random coil confor-
mation that exists in equilibrium with other secondary
structures such as turn, loop, polyproline type Il, and
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Figure 4. Synchrotron X-ray scattering from Kevlar-templated
negative control and n16-N-treated calcium carbonate crystals. (A)
Representative raw 2D detector data showing the coarse powder
of crystals associated with the Kevlar fibers. The diffuse band near
the center is scattering from the glass capillary sample holder.
Scattering from the Kevlar (studied separately with a clean Kevlar
sample, not shown) lies along the horizontal and vertical axes,
and these regions were avoided in the azimuthal averages shown
in B—D. (B, C) Calcium carbonate crystals obtained from n16-N
Kevlar assay (1.7 x 10~% M peptide). (D) Negative control. (E)
Computed calcite diffraction pattern.
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Figure 5. CD spectra of n16-N and n16-C polypeptides at 4 and
8 uM concentrations in 100 uM Tris-HCI, pH 7.5, in deionized
distilled water at 25 °C.

B-strand.>21=23 However, when the peptide concentrations
are raised to 8 uM (Figure 5), we obtain CD spectra that
feature two bands: one, a weak (—) CD absorption band
centered at 201 nm (sz—x* transition) corresponding to the
presence of random coil,>24726 and a strong (—) CD absorp-
tion band centered at 215 nm (n—x* transition) that is
consistent with the presence of a S-strand conformation.26
Note also that the n16-N polypeptide exhibits a third (+)
CD adsorption band centered at 233 nm. The presence of
m—a* (201 nm) and n—xz* (215 nm) transition bands was
also noted for both polypeptides at concentrations >8 uM
(data not shown). Similarly, the presence of a conforma-
tional shift was also replicated at pH 2.5 for both polypep-
tides (data not shown).
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We attribute the observed n16-N and n16-C concentra-
tion-dependent conformational shift to some degree of
interchain peptide self-association or stabilization in solu-
tion at 8 uM or higher concentrations that does not occur
at more dilute concentrations. Similar concentration-
dependent results were recently obtained for synthetic
peptides derived from the S-sheet domain of platelet factor
4 and were attributed to gelation effects.?” Note that the
concentration-dependent conformational switching was not
observed for the calcium carbonate step edge inhibitory
sequences, AP24-1 and AP7-1. Both of these step edge
inhibitor sequences possess a random coil-like conformation
(i.e., single broad absorption band representing the 7—a*
transition, centered at 199—200 nm) at 8 #M?® and feature
open, unfolded structures at neutral pH as demonstrated
by solution state NMR at 850 uM.13 Thus, depending upon
the concentration, n16-N and n16-C polypeptide sequences
can exist either as unfolded, random coil-like molecules or
in a conformational equilibria consisting of some mixture
of random coil-like and g-strand conformers. At this time,
we do not know what the impact of the concentration-
dependent structure has on our assay system data (where
n16-N and n16-C concentrations = 33 and 170 xM) nor on
the actual events that take place with the nl16 protein
during nacre mineralization.

Our findings indicate that the n16 protein possesses N-
and C-terminal domains that can affect the morphology of
calcium carbonate crystals in vitro. We also note that both
terminal sequences are qualitatively similar in structure
and exhibit an interesting and previously unpublished
concentration-dependent conformational switching effect.
From our SEM data, we conclude that the N- and C-
terminal sequence regions probably play some role in the
ability of n16 to control calcium carbonate crystal formation
within the nacre layer of the oyster shell,® although it is
not known which calcium carbonate polymorph (ACC,
vaterite, calcite, or aragonite) nl6 interacts with in vivo.
Obviously, other sequence regions within n16 may also
contribute to the overall protein-mediated calcium carbon-
ate modulation and these will be explored in time.

We should note that our study has raised some interest-
ing issues regarding the mechanism of n16-N and n16-C
modulation of calcium carbonate crystal growth. From the
Kevlar data (Figure 3), it appears that the observed effects
may arise from direct peptide interactions with exposed
acute and/or obtuse surface steps.1120 However, our study
cannot rule out the possibility that the observed morphol-
ogy changes arise from peptide-catalyzed solution-mediated
effects, e.g., proton transfer, ion cluster formation, or water
binding that occurs on the exposed surfaces of the polypep-
tides in the vicinity of the growing crystal interfaces.
Second, although concentration-dependent conformational
switching is observed for n16-N and n16-C, it is not clear
if this switching arises from intermolecular self-association
processes in each polypeptide or intramolecular folding that
is mediated by polypeptide concentration. Moreover, the
impact of this conformational switching on in vitro crystal
growth or on events related to nl6 protein participation
in nacre mineralization is not clearly understood at this
time and must await additional experimentation for clari-
fication.

In this study, we observe that two terminal mineral
modification sequences derived from a single parent protein
can generate effects on calcium carbonate crystal formation
in vitro. Depending upon the assay system, these effects
appear to be either quite different (Figures 1 and 2) or very
similar (Figure 3), but they do not appear to be identical.
This result can be interpreted in at least two ways. First,
it may indicate that like other reported biomineralization
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proteins, the nl6 protein may have evolved distinct se-
guence domains with different functionalities,?® as wit-
nessed by the fact that n16-N and n16-C possess different
primary sequences.® Hypothetically, it is possible that each
sequence domain evolved a slightly different functionality
when it comes to mediating calcium carbonate crystal
growth, e.g., different preferences for calcium carbonate
surfaces (Figure 3). Alternatively, the differences in ob-
served function may be artifactual and related to our
arbitrary criteria of 30 AA sequence length for each
polypeptide in this study. It may be that the true sequence
lengths of each mineral modification domain are different
from those selected in this study and that the proper
sequence lengths may lead to identical assay results in
vitro. To ascertain if the latter is a possibility, we are
currently exploring the effect of sequence extension/trunca-
tion on n16-N and n16-C function in vitro. These results
will be reported elsewhere.

Finally, a comparison of the n16-N and n16-C sequences
with the calcium carbonate growth step inhibitor se-
quences, AP7-1 and AP24-1, reveals some interesting
similarities and contrasts. First, the AP7-1 and AP24-1
polypeptides adopt unfolded, labile conformations that
consist of random coil, extended structure, and loop re-
gions,13 and these sequences interrupt crystal growth at
step edge regions® but have not been observed to produce
dendrite or circular calcium carbonate crystals (Figures 2
and 3).5> As demonstrated in this article, the n16-N and
n16-C polypeptides, although possessing nonidentical pri-
mary sequences, also possess labile, unfolded conformations
as well. However, unlike AP7-1 and AP24-1, the confor-
mational equilibria for both terminal sequences of nl16
appear to be concentration-dependent and are observed to
vary from predominantly random coil-like (i.e., unfolded
and conformationally labile) to some equilibrium mixture
of random coil state and f-strand secondary structure
(Figure 5). Likewise, n16-N and n16-C sequences do not
generate step edge interruption effects such as those
observed for AP7-1 and AP24-1. Rather, it appears that
n16-N and n16-C inhibit calcium carbonate growth in a
different fashion from the N-terminal sequences of AP7 and
AP24. Finally, there are interesting compositional differ-
ences: both n16-N and n16-C sequences possess a single
Trp residue, whereas Trp does not appear in either the
AP7-1 or the AP24-1 sequences.®> Conversely, Thr and GIn
appear in both the AP7-1 and the AP24-1 sequences but
are not present in either n16-N or n16-C. At this time, it
is not entirely clear what amino acid compositional or
primary sequence factors are essential for interaction or
mediation of calcium carbonates, nor how secondary struc-
ture or conformational lability/equilibria play a role in
polypeptide—inorganic interactions. Experiments are cur-
rently in progress to determine the participation of specific
amino acids and the effect of polypeptide structure on
crystal growth.
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